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Abstract 
SLIP is a mathematical model that is used by the Research Team of the University of Parma to predict the results of experimental 
lab tests and landslides that occurred at the Cervinara field site on 16 December 1999. The simple physically based model 
calculates the factor of safety as a function of the main variables that trigger soil slip, including the amount of rain, slope 
geometry, and the state, mechanical and hydraulic characteristics of the soil. The hypotheses of the model were developed from 
field observations, and thus the model can predict soil slip under field conditions. This paper provides a brief description of the 
model, the procedure used to calibrate the parameters based on data from the Research Team of the Second University of Naples, 
and the predicted results for lab flume tests and the landslides that occurred in the fields. 
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1. Main text  
SLIP is a simple physically based model that was developed by the Research Team of the University of Parma 
after the Piedmont flood, which injured hundreds of people and caused considerable damage in the northern Italian 
Apennines (Langhe) in November 19941. The model has been improved several times since it was developed2,3,4,5,6. 
This paper describes the main hypotheses that form the basis of the SLIP model. The soil conditions and processes 
that cause slope failure during a rainy event have been determined based on hundreds of field observations and 
include: 
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1. Soil slip occurs in thin superficial cover (maximum thickness of 1-1.5 m) that is different from soil as 
commonly intended in geotechnical engineering in many respects, especially its hydraulic characteristics. This type 
of soil, which is commonly removed during the construction of buildings, contains numerous pores, channels and 
fissures that are created by several processes, including small animals and shrinkage-drying cycles. These structures 
form two preferential pathways for the infiltration of rain into the soil: through the pores in the soil matrix and 
through the macro-porosity. The latter is considered to be prevalent in the SLIP model, while the former is 
neglected. These infiltration characteristics are considered to be similar for all kinds of soils. 
2. The slope is initially stable due, in part, to the contribution of the partial saturation of the soil to its shear 
strength. The rain infiltrates through the macro-pores much more quickly than through the micro-pores, thus creating 
saturated, chaotically distributed volumes (saturated zones). The dimensions of these volumes increase due to rain 
infiltration. This results in a loss of shear strength of the partially saturated soil due to the presence of the saturated 
zones and a decrease of the stability of the slope. The expansion of the saturated zones continues until their number, 
distribution and dimensions make the slope unstable. 
3. The geometric characteristics of hundreds of unstable slopes observed in the field in recent years3,4,5,6 
indicate that slopes can be considered to be infinite for the purposes of stability analyses. 
2. The SLIP model 
SLIP was developed to model processes that have been confirmed by recent studies7,8,9,10. The aim was to predict 
the triggering of instability by modelling the principle and most important characteristics of the failure process 
without including too many elements of the complex mechanism. The use of too many parameters could limit the 
application of the model at the large scale. 
The model defines the safety factor Fs by applying the limit equilibrium method to an equivalent infinite slope 
that is composed of two soil parts: a partially saturated part and another that represents the saturated zones. 
Homogenisation is used to obtain the downgraded (with respect to the original conditions) shear strength 
characteristics of an equivalent soil that is stable in the presence of both saturated and partially saturated zones; this 
is consistent with both the principles of soil mechanics and the application of the limit equilibrium method. 
For simplicity, the saturated zones are represented in the model by a saturated sub-layer of thickness mH (0 < m 
< 1). This sub-layer (mH) should be put in an unknown position inside the potentially unstable layer (H) but is 
located at the base of the layer because this choice does not change the consistency of the approach and avoids 
adding an insignificant parameter, i.e., the location of the saturated sub-layer. This assumption does not affect the 
rigor of the approach and the saturated sub-layer mH co-exists with an unsaturated sub-layer of thickness H(1-m) 
(Fig. 1a). The parameter mH is related to the total amount of rainwater, h, as follows: 
*
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where h is the rainfall depth given by pluviometric diagrams as a function of time, H is the thickness of the 
superficial soil that is potentially involved in soil slip, E* is the percentage of rain that infiltrates into the soil, n is 
the porosity, and Sr is the degree of saturation.  
The shear strength of the saturated sub-layer is described by the Mohr-Coulomb criterion:  
W= V’ tanI’ + c’          (2) 
The shear strength of the unsaturated soil is described by the simplified extended Mohr-Coulomb criterion for 
unsaturated soils12:  
Wff= c’+(Vf  u)f tanI’ + (ua uw) tanIn        (3) 
where V’=(Vf u)f is the effective normal stress on the failure plane at failure, (ua uw) is the matric suction, c’ is the 
effective cohesion, I’ is the shear strength angle, and In is the friction angle associated with the matric suction stress 
state variable. The quantity (ua-uw)·tanIn is independent of V’, and in Equation (3) it represents an “apparent 
cohesion”12, which is named c\. Thus, the final shear strength criterion can be expressed as: 
W = c’ + V’ tanI’ + c\          (4) 
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Fig. 1. (a) Equivalent homogenised slice; (b) Shear strength versus degree of saturation for two soil samples13. 
In Equation (4), the apparent cohesion c\ implies that it is a function of the matric suction; however, in SLIP, it is 
related to the degree of saturation Sr. This allows better control of the uncertainties in the evaluation of the soil state 
parameters because Sr varies over a smaller range than the matric suction. The link between c\ and the degree of 
saturation Sr is obtained from the results of experiments on different kinds of soils13, such as medium- and fine-
grained sands (Fig. 1b). By neglecting the dependence of the relationship between the matric suction and the 
volumetric water content on the type of cycle (wetting/drying), c\ can be expressed as a function of Sr as: 
c\ = A Sr (1 – Sr)O          (5) 
where A is a model parameter that depends on the type of soil, and O can be considered to be constant for a wide 
range of soils. Finally, the apparent cohesion of the homogenised equivalent slope, c\, depends on both c\ and the 
thickness mH of the saturated sub-layer. The expression for c\was obtained by performing a series of experiments 
on stratified soil in a flume2,14 and is given by: 
 c\ = c\ (1- m)D           (6) 
The safety factor is dependent on time because of the decrease of Sr due to the decrease in the number and 
dimensions of the saturated zones, as well the change in their distribution, caused by evapo-transpiration, downflow 
and percolation. This is simplified and represented in the model by the decrease of m with time, which is obtained 
using a simple negative exponential function of time: 
0( ) exp( )tm t m k t              (7) 
where kt represents the global drainage capability of the slope, which takes into account evapo-transpiration, 
downflow and percolation. The value of kt was derived from the back-analysis of numerous soil slides that occurred 
on different kinds of soils. 
Finally, the limit equilibrium method is used to obtain the safety factor Fs as follows: 
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Slope instability occurs when Fs reaches 1. Fs is a function of the geometric factors (E, H), the state of the soil 
(Gs, n, Sr), the shear strength parameters of the soil under saturated conditions (I’, c’), the shear strength under 
unsaturated conditions (A, O), a model parameter that is related to the homogenisation modelling (D), the drainage 
capability of the slope (kt), the water’s unit weight (Jw) and the rainfall depth (h). 
The model has been previously applied at several scales, including the field scale (single slope1,3,4,6, territorial5, 
regional5, national11) and the lab scale (flume tests2). At the field scale, the approach used to evaluate the model 

H
F'=seepageforce
W'=weight
T=shearforce
N'=normaleffectiveforce
Rain
mH
TL 
N'
W'
F'
E
209 Lorella Montrasio et al. /  Procedia Earth and Planetary Science  9 ( 2014 )  206 – 213 
parameters and to calculate Fs differs depending on the size of the studied area. At the scale of a single slope, the 
model parameters are obtained by a geotechnical characterisation of the soil (lab and in situ tests), and Fs is a 
deterministic value that unequivocally defines the moment of failure when its value reaches 1. At the larger scale, 
the parameters must be linked to geological, lithological and DEM (Digital Elevation Model) information, and the 
safety factor is defined in areas of fixed dimensions (the same as the DEM). At the larger scale, the meaning of the 
approach is different and is linked to the susceptibility of a certain area to the occurrence of the phenomena. Then, a 
complete forecast requires additional methods. In this case, the output of the model can be represented as both Fs 
maps, which give a value of Fs for each elementary cell with the same resolution as the DEM (non-aggregated 
results), and “instability index” maps (aggregated results). Thus, for operational purposes, the safety factors obtained 
on the elementary cells can be aggregated by considering larger reference areas. The “instability index” is defined as 
the ratio between the number of elementary cells in which Fs  1 (instability condition) and the total number of cells 
in each reference area. Lab scale investigations (flume tests) can be used to determine the influence of the model 
parameters and to calibrate them, but the results cannot be directly extended to predict Fs at a field site because of 
the large differences between the superficial soil at the site and the soil used in the lab. As described above, the 
model assumes double porosity in the soil, which strongly influences the infiltration; in the lab tests, the soil (even if 
it has the same matrix as the soil in the field) cannot reproduce the macro-porosity, which implies a process that is 
different from that in the field. 
3. Simulation of flume tests 
The main goal of SLIP is to predict the onset of failure. To do this, all of the input parameters were calibrated 
based on information about the time of failure from two benchmark tests (D3 and D4), provided by the Research 
Team of the Second University of Naples (hereafter referred to as SUN-RT)15. After the calibration process, the 
input parameters were kept constant for the simulation of the next test (C4). 
3.1. Calibration phase: simulations of tests D3 and D4 
The input parameters are shown in Table 1. 
Table 1. Parameters provided by SUN-RT. 
Test E
(°) 
H 
(m) 
Gs 

I’ 
(°) 
c’ 
(kPa) 
n0 

Rain 
(mm/h) 
Duration 
(min) 
D3 40 0.1 2.63 38 0 0.75 55 36 
D4 40 0.1 2.63 38 0 0.76 56 30 
 
Table 2. Calibrated parameters. 
 
 
 
 
 
 
The other parameters of the model (kt, A, O, D, E*) were evaluated as follows:  
x kt was assumed to be equal to the mean hydraulic conductivity (K) by considering the length of the small 
scale physical model (L), which was equal to 1 m (kT=K/L=1.44·10-6 s-1);  
x A and O were calibrated based on experimental data from triaxial tests under unsaturated conditions because 
the degree of saturation was known for each triaxial test. The intercept of the cohesion at failure was assumed 
to be equal to c\ and was expressed as a function of the degree of saturation (Fig. 1b). A best fitting 
procedure between the function, which is expressed by Equation (5), and the data points from the experiment 
was used to determine the values of A and O;  
Test kt 
(x10-6s-1) 
A 
(kPa) 
O

D

Sr E* 
D3 1.44 45 1.2 3.4 0.30 1 
D4 1.44 45 1.2 3.4 0.36 1 
210   Lorella Montrasio et al. /  Procedia Earth and Planetary Science  9 ( 2014 )  206 – 213 
x D was considered to be constant and equal to 3.4 based on the results of previous laboratory flume tests2,14;  
x The initial values of Sr for both tests (D3 and D4) were derived from experimental measurements of the water 
content (T). In particular, only the initial value (T) was considered; it corresponds to the measurements after 
55’’ and 15’’ in tests D3 and D4, respectively, between 0 and 3 cm from the bottom of the flume. This value 
of T was assumed to be the mean representative value of the entire soil volume. The value of Sr was 
calculated by assuming Sr=T/n0, where n0 is the initial porosity of the soil; 
x E* was considered to be equal to 1 because the amount of runoff was unknown. In other words, all of the 
rainfall was assumed to infiltrate into the soil. 
The calibrated parameters are reported in Table 2. Fig. 2a shows the results of Fs versus time obtained by the 
SLIP model for tests D3 and D4. The predicted times to failure, which occurs when Fs = 1, were 35 min and 32 min 
for tests D3 and D4, respectively. 
 
 
 
 
 
 
 
 
Fig. 2. Results of the SLIP model for the flume tests (Fs versus time): (a) calibration (tests D3 and D4); (b) prediction (test C4). 
3.2. Prediction phase: simulation of test C4 
The same input parameters (Tables 1 and 2) were used to simulate test C4 except for the porosity (n0=0.65) and 
rainfall intensity (h=60 mm/h), which were provided by SUN-RT, and Sr, which was unknown because the initial 
water content of the tested soil was not provided for this test. This prevented the SLIP model from being properly 
calibrated. Because only the initial mean soil suction was known (uauw=52 kPa), the soil-water characteristic curve 
(SWCC) was used to assess the initial water content (T as shown in Fig. 3a. The value of T0=0.29which was 
assumed to be representative of the entire soil volume, resulted in Sr=T/n0=0.44. Fig. 2b shows the results of Fs 
versus time obtained by the SLIP model for the C4 test. The predicted time to failure, which corresponds to Fs=1, 
was 22 min, which is much shorter than the time to failure in the real test. This result can be attributed to the 
following causes: (1) the real initial water content was unknown, and it was difficult to match the real value of T0 by 
considering only one point on the SWCC; and (2) the soil porosity in test C4 was much lower than the soil porosity 
in tests D3 and D4. This difference implies a reduction of E* (the amount of rainfall that effectively infiltrates into 
the soil) compared to the other tests (D3 and D4), but we assumed E*=1 (as in tests D3 and D4) because the amount 
of runoff was unknown. This caused the SLIP model to predict an earlier failure than actually occurred. 
 
4. Modelling the field stability conditions of the 16 December 1999 shallow landslide 
The input parameters selected to simulate the field conditions are shown in Table 3. In particular, the slope angle 
(E) was derived from a DEM with a cell size of 5 m, the soil thickness (H) was the mean value from the field 
measurements, and the physical and strength parameters of the soil were provided by SUN-RT.  
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The parameter kt was obtained from the mean value of the saturated hydraulic conductivity of the natural soil at 
the site (ksat= 1x10-7 m/s - 5x10-7 m/s) and based on previous experience with similar soils3,4,5,6. The model 
parameters A, O, and D were assumed to be equal to the calibrated values from small scale tests (Table 2); the value 
of E* was assumed on the basis of previous experience3,4,5,6 and data from the literature16. The initial degree of 
saturation (Sr) was evaluated based on field measurements of soil water content by assuming Sr=T/Tsat=T/n0 (Fig. 3b; 
this figure refers to field soil profile no. 2, but similar results were obtained for profile no. 1).  
The SLIP model was used to assess the evolution of the safety factor of the slope over time for the following 
periods: 
x 1 Oct. 2011 - 12 Feb. 2012 (observation period; Fig. 4a): in this case, Fs > 1 for the entire time span, which 
indicates slope stability; no failure was observed during this period; 
x 1 Oct. 1999 - 30 Dec. 1999 (Fig. 4b): in this case, the measured daily rainfall depths17 were used as input data. 
Unstable conditions (Fs = 1) are reached on 16 Dec. 1999, which is when the shallow landslide actually occurred. 
 
  
 
 
 
 
 
 
 
Fig. 3. (a) Evaluation of the initial vol. w.c. for test C4; (b) Evaluation of Sr under field conditions and modelling of the mean water content 
versus time. 
 
 
 
 
 
 
Fig. 4. Daily rainfall and results of the SLIP model for field conditions: (a) observation period; (b) period of the actual event. 
            
Table 3. Input parameters used to simulate field conditions. 
Test E
(°) 
H 
(m) 
Gs 

I’ 
(°) 
c’ 
(kPa) 
n0 

A 
(kPa) 
O

D

E* 

Sr kt 
(s-1) 
Rain 
(mm/h) 
Field 40 1.2 2.63 38 0 0.7 45 1.2 3.4 0.7 0.37 3x10-7 Observed 
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In addition to the actual shallow landslide (16 Dec. 1999), Fs was also evaluated at a large scale (Fig. 5) by 
assuming the same input parameters that were reported in Table 3. The output of the SLIP model is represented with 
a safety factor map, which gives the daily value of Fs in each cell (5x5 m). The different colours on the map 
correspond to different factors of safety. Fig. 5 shows four Fs maps that correspond to the three days before the event 
and to the day of the event (which occurred during the night between 15 and 16 Dec. 1999) and shows the evolution 
of the stability conditions before and during the rainfall. Fig. 5d compares the results of the SLIP analysis and the 
locations of the sites where shallow landslides occurred; the black lines correspond to the surveyed landslide scars. 
The red areas, where the model indicates unstable conditions (FS  1), generally correspond to the mapped source 
areas of the shallow landslides, though the model overestimates the unstable areas. 
 
 
 
 
 
 
 
 
 
Fig. 5. SLIP analysis at large scale: time-varying maps of Fs corresponding to the event occurred on 16 Dec. 1999. 
5. Modelling of field water content  
The SLIP model was also used to assess the mean water content under field conditions. To do this, the mean 
water content (Teq) was evaluated using SLIP as an inverse model. The Sreq value is obtained from Eq. 5 by replacing 
c\ with the value of c\, which represents the apparent cohesion of the equivalent homogenised soil (Eq. 6). Teq can 
then be calculated (Teq =Sr eq n). Fig. 6 shows the steps involved in the inverse modelling.  
The results for soil profile no. 2 obtained using this procedure by assuming that the soil porosity (n) remains 
constant and using the physical and geometrical parameters reported in Table 3 and the observed daily rainfall 
depths are represented by the black curve in Fig. 3b. Despite a slight overestimation, the calculated assessed mean 
equivalent water contents are consistent with the field measurements. Similar results were obtained for soil profile 
no. 1, but they are not reported here because of space limitations.  
              
  
      
 
Fig. 6. Steps used to evaluate the mean equivalent water content. 
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